This work studies a poorly investigated effect of welding arc parameters on amplitude of welding current pulses in consumable electrode gas-shielded pulsed arc welding (PAW). A welding circuit is considered as a frequency-selective system, which passes the pulses in undistorted form only in specific frequency band. The pulses out of this band are significantly suppressed, that can result in rapid decrease of PAW efficiency. The main aim of the work is to determine a width of welding circuit pass band and possibility of its increase. In scope of developed mathematical model a criterion was obtained, which sets in algebraic form one of the necessary conditions of PAW efficient application. From practical point of view, this criterion allows, using known parameters of welding circuit, carrying out a fairly simple evaluation of pass band upper boundary, inside which a set amplitude of welding current pulses is ensured. From the other side, indicated criterion can be used for solving an inverse problem, i.e. to determine the allowable values of some parameters of welding circuit using preliminary selected frequency of welding current pulse passing. Besides, due to its «analytical property» the indicated criterion can be useful for theoretical investigations of pulse-arc processes taking place in the welding circuit. 19 Ref., 5 Figures.
One of the most efficient welding technologies, developed back in the 1960s and received further propagation in our country and abroad [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , is a consumable electrode gas-shielded pulsed arc welding (PAW). The rising interest to its application in the last time is to large extent related with robotization of arc welding and coming into industry of improved welding equipment, including the sources of pulsed welding current. These sources are characterized by new possibilities in welding mode regulation and, in particular, possibility of program setting of current amplitude in the pulse, pulse duration, background current and pulse setting frequency. It is well known fact that the optimum transfer of electrode metal during PAW is achieved at specific combination of indicated parameters.
A lot of publications were dedicated to the problems of stabilizing, adaptive regulation and practical realization of PAW [4, 6, 8, 9] . But, at the same time, particularly important question, related with effect of welding circuit parameters on formation of the pulses of welding current, have almost no description in the reference literature. The matter is that the welding circuit in dynamic relationship represents itself a frequency-selective system which passes the undistorted pulses only in specific frequency band [12] . Out of this band the pulses will be significantly suppressed, that can result in rapid decrease of PAW efficiency.
Meanwhile, it is difficult to say what the width of indicated frequency band is and how it depends on welding circuit parameters and what are the possibilities of its expansion. The answer on these questions is very important from practical point of view, since they can provide clear vision on real frequency limitations, caused by dynamic properties of the welding circuit, which have to be taken into account in development of pulsed welding technologies and corresponding equipment. This paper is dedicated to solution of these issues.
Mathematical model. We study the scheme of welding circuit, given in Figure 1 . The dynamic processes, taking place in it, obey the equations
The following designations are taken in these equations and in Figure 1 , namely i = i(t) is the welding current; L 1 , R 1 , u s (t) are the inductance, internal resistance and pulse voltage of welding current source (WCS); L 2 is the inductance of welding circuit, formed by supply leads; R 2 is the sum resistance of electrode stick-out, supply leads and sliding contact in a nozzle tip; u a = u a (l, t) is the arc voltage; u 0 is the sum of near electrode voltage drops; l = l(t) is the arc length;
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S a = ∂u a /di is the arc volt-ampere slope; E = ∂u a /∂l is the intensity of electric field in the arc column; H is the distance between the end of current conducting tip and free surface of weld pool; h 0 and h = h(t) are the initial and current value of electrode stick-out; v e is the electrode feed rate; M = ∂v m /∂i is the current slope of electrode melting; v m = v m (t) is the rate of electrode melting; t is the current time.
Eliminating the variables u a (l, t), l(t) and h(t) from equation system (1) and assuming that v e = const and H = const, one of differential equation is received:
Equation (2) is the simplified mathematical model of welding circuit. It was assumed during its design that possible fluctuations of R w and E parameters in process of arc welding are insignificant in comparison with variation of variables u s (t) and i(t) and it is no need in their consideration. Besides, such called small parameters [16] were not also taken into account, since their effect in solution of this problem can also be neglected.
Equation (2) and for clarity this equation is compared with structural scheme, given in Figure 2 .
In this scheme
are the transfer function from inputs v e and u s to output i (p is the Laplace operator). From the scheme and expressions (3), (4) it is seen that the welding circuit in structural relationship is represented in form of sum of two elementary units, the first of which corresponds to basic frequency filter, and the second to band filter [17] .
The input action of unit W 1 is a rate of electrode wire feed v e , which is constant in our case. Stationary reaction W 1 according to (3) will also be constant and equal i ∞ (t) = v e /M. The input of unit W 2 receives action u s (t) in form of sequence of rectangular pulses. The amplitude of pulses at output W 2 in this case equal the amplitude of input pulses, multiplied by a value of frequency response characteristic (FRC) A 2 (w) = = |W 2 (jw), where j = 1 − , w = 2πf, and f is the frequency of pulse passing.
Thus, for evaluation of reaction of welding current on the action, being a periodic time function u s (t), it is necessary to have FRC of this circuit. It can be built using formula
which is developed after substitution in the expression (4) of imaginary variable jω instead of operator p [18] . Cross points of this line with the diagram A 2 (ω) set the pass band ∆w = w 2 -w 1 of welding circuit. Obviously, the wider ∆w is, the higher frequency of pulse passing f = w/2π can be used for performance of PAW with set amplitude of these pulses.
Let's consider what are the real possibilities of expansion of band ∆w exist. Analysis of expression (5) shows that parameters R w and L * , included in this expression, in contrast to E and M, can be used for expansion of band ∆w. Obviously, that sum resistance R w = + R 1 + R 2 + S a can be changed only due to change of basic summand R 1 , which sets an inclination of volt-ampere characteristic of WCS. However, this characteristic can be varied randomly. Another situation is with welding circuit inductance L * . Its variation is allowed, as is well known, in sufficiently wide range without significant deterioration of welding itself [19] .
Thus, practically, it is only one possibility for significant expansion of ∆w, namely reduction of welding circuit inductance L * . In order to show this possibility let's plot normalized FRS ( Figure 4 Figure 4 it can be seen that in the first case the pass band of welding circuit ∆w 1 is sufficiently narrow: ∆w 1 = 91 rad/s (that corresponds to ∆f 1 = 14.5 Hz). In the second case, the frequency band is significantly wider: ∆w 2 = 911 rad/s or ∆f 2 = 145 Hz. Obviously that further reduction of inductance L * will result in more expansion of the welding circuit frequency band. Naturally, there is a question, whether it is possible to find a dependence of pass frequency of welding current pulses f directly on inductance L * in analytical form without using FRC graphical plotting. Let's consider equation A 2N /(w) = 1/√2, which taking into account (6) , is written in the following way: 
Since we are interested in the upper boundary of pass band w 2 (see Figure 3) , i.e. the case, when
, then only the second from given equations is considered. The following solution satisfies this equation:
Taking into account that in the most of practical cases in PAW L << (8) expression (7) is significantly simplified and takes the form of
then the pass frequency of welding circuit pulses f is within the limits of the welding circuit pass band. This means that decrease of amplitude of the pulses in this case will not exceed a set margin ∆A = 3 dB. Therefore, inequation (9) can be considered as one of the necessary conditions of efficient PAW application. This inequation due to its simplicity is very convenient for preliminary calculation of f. It is also wonderful that it due to its «analytical form» can be useful at theoretical investigations of pulse-arc processes taking place in welding circuit.
Results of calculation experiment. A calculation experiment was carried out in scope of mathematical model (2) in order to check an effect of inductance L * on amplitude of welding current pulses. The same parameters that were used in FRS plotting were used at that. Besides, the parameters of mode of robotized PAW were set, namely v e = 22 mm/s, H = 17 mm, pulse duration τ = 0.004 s, u s (t) = (30 + 10z(t)) V, where
,
The frequency of pulse passing was taken equal f = 25 pulse/s. This choice was made is such a way SCIENTIFIC AND TECHNICAL that its value was inside the pass band ∆f 2 ≈ 145 Hz (∆w 2 = = 911 rad/s), but, at the same time (see Figure  4) , out of pass band ∆f 2 ≈ 14.5 Hz (∆w 1 = 91 rad/s).
The results of experiment are presented in Figure 5 in form of reaction of welding current i(t) on effect of v e = const and series of rectangular pulses u s (t).
Comparison of this results shows that the pulses of welding current at ' * L = 0.05 mH (Figure 5, a) have sufficiently large amplitude. It can be explained by the fact that f < f 2 and welding circuit as a band-pass filter do not have in this case significant effect on pulse amplitude. At '' * L = 0.5 mH the welding current pulses ( Figure 5, b) , as it was predicted, are significantly suppressed by welding circuit since f > f 2 in this case.
Conclusions
Carried investigation shows that the parameters of welding circuit, in particular, inductance L * , have significant effect on characteristics of the welding current pulses. Effect of inductance L * on rate of increase and rate of reduction of welding current in the pulse is well known to the specialists dealing with PAW problems. However, up to the moment the level of its effect on amplitude of these pulses was not clear. It is shown as a result that the welding circuit as a dynamic system is characterized by specific pass band of the welding current pulses. If pulse passing frequency is out of the limits of this band, the amplitude of pulses is dramatically reduced, that can have negative effect on PAW efficiency.
Relationship (9) , obtained in this work, sets in algebraic form a connection between the frequency of passing welding current pulses f and parameters of welding circuit R w and L * . This relationship using known parameters R w and L * allows sufficiently easy evaluating the upper boundary of pass band of specific welding circuit, inside which a necessary amplitude of welding current pulses is provided. Obviously, that relationship (9) provides a possibility to solve an inverse problem, i.e. to determine the boundary of allowed values of inductance of welding circuit L * on preliminary selected frequency of pulse passing f and R w known value.
